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The method of intermediate-energy Coulomb excitation has been widely used to determine abso-
lute B(E2; 0+1 → 2
+
1 ) quadrupole excitation strengths in exotic nuclei with even numbers of protons
and neutrons. Transition rates measured with intermediate-energy Coulomb excitation are com-
pared to their respective adopted values and for the example of 26Mg to the B(E2; 0+1 → 2
+
1 ) values
obtained with a variety of standard methods. Intermediate-energy Coulomb excitation is found to
have an accuracy comparable to those of long-established experimental techniques.
PACS numbers: 25.70.De, 23.20.-g
INTRODUCTION
The electromagnetic transition matrix element
B(E2; 0+1 → 2+1 ) between the ground state and the first
2+ excited state of an even-even nucleus is a direct mea-
sure of the degree of quadrupole collectivity exhibited by
the nucleus. These reduced matrix elements are readily
calculable in a variety of theoretical frameworks, such
as the nuclear shell model [1, 2] and different mean-field
approaches (see e.g. [3, 4] and references within). The
experimental values of these reduced transition matrix
elements have been compiled by Raman [5].
Experimentally, transition matrix elements are acces-
sible by measuring the lifetimes of excited states or the
electromagnetic cross-sections to the excited states pro-
vided the excitation mechanism is understood. The latter
approach has long been employed at energies below the
Coulomb barrier [6] and was proposed 25 years ago for
higher energies [7]. Measurements of projectile Coulomb-
excitation cross sections at beam energies well above the
Coulomb barrier [8, 9] are ideal for rare-isotope experi-
ments with low beam rates, which can be offset by reac-
tion targets that are about 100–1000 times thicker than
for below-barrier energies. Post-target particle identifi-
cation permits inverse-kinematic reconstruction of each
projectile-target interaction. Experiments at intermedi-
ate beam energies also allow for the unambiguous isotopic
identification of incoming beam particles on an event-by-
event basis, which is not generally possible at contempo-
rary low-energy ISOL facilities.
Several reports on initial results from low-energy mea-
surements on 30Mg [10, 11, 12] questioned the accu-
racy of the intermediate-energy approach and specu-
lated on possible error contributions. The particular
case of 30Mg now seems resolved in that the previously
reported discrepancy [13] has disappeared in the pub-
lished low-energy result and is now in agreement with one
intermediate-energy result [14], but not with another [15].
Responding to the general question raised, this paper ex-
amines the accuracy of the intermediate-energy Coulomb
excitation method by comparing the “test cases” mea-
sured at intermediate beam energies at Michigan State
University where an adopted reduced transition matrix
element value based on four or more independent mea-
surements with complementary techniques is available in
the literature. These test cases were measured over the
past decade with the identical setups and during the
same experiments used for measurements of unknown
transition matrix elements. While these test cases have
been individually reported previously in peer-reviewed
journals together with the respective new measurements,
their collective comparison to adopted values here reaf-
firms intermediate-energy Coulomb excitation as an ac-
curate method relative to other transition rate measure-
ment techniques.
TECHNIQUES FOR MEASURING TRANSITION
RATES
There are two general techniques for determining nu-
clear transition rates. Lifetime measurements such as the
Doppler shift attenuation method (DSAM) and the recoil
distance Doppler shift (RDDS) method are based on the
analysis of Doppler-shifted γ-ray peak shapes. The life-
time τ of a state is related to the transition rate by
B(E2; 0+1 → 2+1 ) ∝
1
E5γ τ
(1)
for an E2 transition of energy Eγ [16]. In DSAM, nu-
clei are excited following fusion-evaporation reactions,
Coulomb excitation, or inelastic scattering and, when the
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FIG. 1: Schematic of Coulomb excitation of a nucleus from
an initial state |i〉 to a final bound state |f〉 and the ensuing
γ decay with a possible feeding transition from a higher state
shown.
stopping power of the nuclei in the material is known, the
Doppler shifts of the γ rays emitted by the recoiling reac-
tion residues determine the points in time at which emis-
sion occured and hence the lifetime of the excited state
(suitable for τ < 1 ps) [17]. The RDDS method similarly
uses the Doppler shift of an excited, recoiling nucleus to
determine the lifetime of the state. A stopper is placed
downstream of the target and the intensity ratio of γ rays
emitted in-flight and stopped for different target-stopper
distances provides a measure of the lifetime in the range
10−9 s < τ < 10−12 s [18].
Nuclear resonance fluorescence (NRF), electron scat-
tering, and Coulomb excitation determine transition
rates through the measurement of cross sections. In
a typical NRF experiment, a continuous photon spec-
trum (bremsstrahlung) irradiates a target of stable nu-
clei. The target nuclei are excited by the radiation and
de-excitation γ rays are subsequently emitted with an
angular distribution depending on the transition. The
energy-integrated cross section of the scattered γ rays
is inversely proportional to the lifetime of the excited
state [19]. Electron scattering utilizes a simplified form
of low-energy Coulomb excitation where the form factor
in the Born approximation is related to the multipolarity
of the transition. The transition rate can be extracted
from the value of the form factor [20]. Due to the well-
understood nature of the interaction and the ease of pro-
ducing a large projectile flux, electron scattering is one
of the most accurate methods of determining transition
probabilities.
In Coulomb excitation, the interaction of the electro-
magnetic fields of the target nuclei and projectile nu-
clei leads to excitations with subsequent γ-ray emissions.
The number of photons Nγ,f→i observed in an inverse-
kinematics Coulomb excitation experiment with γ-ray
tagging is related to the excitation cross section by
σi→f =
Nγ,f→i
NTNBǫ
(2)
where NT is the number of target nuclei, NB is the num-
ber of beam nuclei, and ǫ is the effeciency of the experi-
mental setup. NB can be determined prior to interaction
with the target, and NT is given by the target thickness.
The efficiency accounts for the intrinsic and geometric
efficiencies of all detector systems involved. Equation 2
assumes only one excited state; if more states than one
are excited, possible feeding from higher excited states
must be considered (see Figure 1). The excitation cross
section can be related to the reduced transition proba-
bility through various approaches. At beam energies be-
low the Coulomb barrier of the projectile-target system,
a Rutherford trajectory is assumed. For intermediate-
energy Coulomb excitation, we use the relativistic the-
ory developed by Winther and Alder, which involves a
semi-classical approach with first-order perturbation the-
ory [7]. Distorted-wave Born approximation calculations
have also been used to determine transition rates from
cross sections [8] and are in agreement with the excita-
tion theory developed by Winther and Alder.
INTERMEDIATE ENERGY COULOMB
EXCITATION
The most important difference between low- and
intermediate-energy Coulomb excitation is that nuclear
interactions can occur above the Coulomb barrier. How-
ever, the inclusion of nuclear contributions to the mea-
surement of electromagnetic transition rate can be pre-
vented in heavy-ion reactions by considering only those
events scattered within a maximum scattering angle rep-
resenting a “safe” minimum impact parameter bmin (see
Figure 2). The radius Rint beyond which the Coulomb
interaction dominates defines the minimum impact pa-
rameter to be allowed in the experiment. Wilcke, et al.
use elastic scattering data to predict Rint for interactions
between various nuclei [21]. For 46Ar it has been shown
that varying bmin where bmin ≥ Rint has little effect on
the measured transition rate value [22]. In contrast, for
light nuclei (approximately Z < 10) nuclear interactions
may occur even for particles scattered at small angles
and care must be taken to disentangle the nuclear and
Coulomb contributions to the cross section [23].
The adiabatic cutoff of the Coulomb excitation process
occurs at a maximum excitation energy
Emaxx ≈
γh¯cβ
b
(3)
where β = v/c and γ = 1√
1−β2
are the velocity and
Lorentz factor of the beam and b is the impact pa-
rameter. Intermediate-energy beams can excite states
at higher excitation energies compared to low-energy
beams. For example, 26Mg impinging on a 209Bi tar-
get with a beam velocity of β = 0.36 has an adiabatic
cutoff of Emaxx ≈ 6 MeV [24]. However, the possibility
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FIG. 2: Schematic of a projectile nucleus scattering in the
electromagnetic field of an infinitely heavy target nucleus. For
a fixed beam velocity β = v/c, the scattering angle θ depends
on the impact parameter b. A maximum scattering angle
is chosen in the experiment to restrict the minimum impact
parameter.
of feeding from excitations to states above the first 2+
state must be considered when calculating the excitation
cross section [9]. Photons are used to identify the inelas-
tic scattering process to bound excited states and hence
target thickness is not constrained by the need to pre-
serve momentum resolution to differentiate elastic and
inelastic scattering. Higher energy beams allow for the
use of thicker targets, and the number of scattering cen-
ters can be increased by as much as a factor of 1000
over low-energy experiments, permitting an equivalent
decrease in the number of required projectile nuclei. In
typical intermediate-energy Coulomb excitation experi-
ments, 1 beam particle in 103–104 interacts with the tar-
get nuclei and multiple excitations are significant only to
this small factor [9]. The wide range of scattering angles
inherent in low-energy Coulomb scattering require large
solid-angle detectors; a few degrees of acceptance suffices
for intermediate-energy Coulomb excitation.
At the NSCL, SeGA [25], an array of eighteen 32-
fold segmented high-purity Ge γ-ray detectors, and
APEX [26], twenty-four position-sensitive NaI(Tl) crys-
tals, are used for Coulomb-excitation measurements in
conjunction with a phoswitch detector or the S800 spec-
trograph [27] for event-by-event particle identification.
Similar setups are employed at GANIL [28], GSI [29],
and RIKEN [8]. For a more detailed description of
intermediate-energy Coulomb excitation, see [7, 9, 30].
ACCURACY OF INTERMEDIATE-ENERGY
COULOMB EXCITATION
The advantages of intermediate-energy Coulomb exci-
tation are most pronounced when the method is applied
to exotic nuclei with low production rates. Under these
circumstances, the statistical uncertainty dominates.
This difficulty is present irrespective of the method ap-
plied, and, therefore, only high-statistics intermediate-
energy Coulomb excitation measurements will be con-
sidered in determining the method’s accuracy. A sum-
mary of intermediate-energy Coulomb excitation mea-
surements of previously-published transition rates along
with their respective adopted values can be found in Fig-
ure 3a. For these Coulomb excitation test cases, no feed-
ing was observed. The adopted values are those compiled
by Raman [5] where four or more independent transi-
tion rate measurements using any of the above techniques
have been made for each nucleus. In the calculation of
the adopted transition rate for 40Ar, one of eight exper-
imental values was measured using intermediate-energy
Coulomb excitation, and for 36Ar, two of eight. The error
bars on the adopted values represent the relative uncer-
tainties. The average difference from the adopted value
is 6% and only one data point exceeds 10%. Note that
all measurements are in agreement with their respective
adopted values.
Figure 3b shows the relative differences between mea-
sured B(E2; 0+1 → 2+1 ) transition rates and the adopted
value [5] for 26Mg. The shaded area represents the un-
certainty of the adopted value. The measurements were
made using low-energy (x,x’γ) Coulomb excitation, NRF,
DSAM, RDDS, and electron scattering. These tradi-
tional transition rate measurements have an average dif-
ference of 23% from the adopted value for 26Mg. The
right-most data point, which deviates from the adopted
value by 3%, was measured by Church et al. [24] using
intermediate-energy Coulomb excitation at a beam en-
ergy of 66.8 MeV/nucleon. This specific measurement
illustrates the more general point made in Figure 3a that
intermediate-energy Coulomb excitation measurements
that are not limited by statistics can readily measure
transition rates with an accuracy of about 5% to a pre-
cision of about 10%.
CONCLUSION
The extention of the Coulomb excitation method to
projectiles at intermediate beam energies allows for the
measurement of transition rates in nuclei far from sta-
bility. Thick targets allow for experiments on iso-
topes with low projectile fragmentation production rates.
Intermediate-energy Coulomb excitation has been shown
to produce results within error of the adopted values for
transitions measured with long-established experimen-
tal techniques. Additionally, the accuracy of the 26Mg
transition rate measurement from intermediate-energy
Coulomb excitation exceeds the average accuracy of the
other measurements.
This work is supported by the National Science Foun-
dation through grants PHY-0110253.
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FIG. 3: a) The percent differences between adopted and measured B(E2; 0+1 → 2
+
1 ) transition rates for published test cases
in intermediate-energy Coulomb excitation measurements. The average difference is 6% [5, 14, 24, 31, 32, 33, 34, 35, 36, 37].
b) The percent differences between nineteen B(E2; 0+1 → 2
+
1 ) transition rate measurements of
26Mg [38, 39, 40, 41, 42, 43,
44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54] and the adopted value [5] compared to an intermediate-energy Coulomb excitation
measurement (right-most) [24] of the same transition. The 3% difference of the intermediate-energy Coulomb excitation
measurement compares favorably with the average absolute value of the difference of 23% for the other measurements.
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